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TEKNIK GEOELEKTRIK BAGI PENCIRIAN SUBPERMUKAAN DAN 
PEMETAAN KEPULAN BAHAN CEMAR DI TAPAK PELUPUSAN 
 
ABSTRAK 
 
Garis panduan tafsiran untuk analisis model songsangan yang dihasilkan bagi 
keberintangan elektrik dan kebolehcas di dua tapak pelupusan semi-aerobik yang 
dinaik taraf telah dibangunkan. Model songsangan yang dihasilkan daripada program 
songsangan 2D (RES2DINV) telah digunakan untuk menetapkan grid-grid 
pengimejan keberintangan dan kebolehcas di tapak pelupusan. Kajian mengesahkan 
bahawa keberintangan rendah (<10 Ωm) menunjukkan kepulan air larut lesap 
manakala unit kebolehcas tinggi (>70 ms) mewakili deposit sisa dan lapisan tanah liat 
tepu. Tambahan pula, sambutan IP pada kepulan air larut lesap hiliran yang disebarkan 
daripada tapak pelupusan separa aerobik yang berasingan telah dinilai. Penilaian juga 
meneliti status bahan cemar dan mengklasifikasikan strata di bawah tapak pelupusan 
perbandaran sisa pepejal. Hasil kajian menunjukkan kepulan yang didominasi oleh ion 
memaparkan zon kebolehcas yang lemah (<20 ms) dan menyokong polarisasi ionik 
berbanding polarisasi elektronik sebagai sambutan IP. Walau bagaimanapun, 
kepekatan ion yang tinggi dalam air larut lesap yang disebarkan menghalang polarisasi 
membran sekali gus mengurangkan kesan IP pada sedimen asal. Garis profil 
keberintangan dan kebolehcas dengan purata peratusan ralat mutlak lebih kurang 15% 
di tapak pencirian dan tapak penilaian menunjukkan zon berbeza pada strata 
subpermukaan. Perbandingan antara lajur air larut lesap di tapak pencirian 
mendedahkan bahawa tapak pelupusan tertutup dengan kadar deposit sisa yang lebih 
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tinggi mengandungi air larut lesap terkumpul yang lebih rendah berbanding tapak yang 
aktif. Model songsangan keberintangan 3D dan kebolehcas telah dihasilkan di tapak 
penilaian air larut lesap menggunakan program songsangan RES3DINV. Potongan 
mendatar daripada model songsang 3D telah digunakan untuk pemetaan bahan cemar 
dan pengkuantitian. Tambahan pula, analisis fisiokimia dan penilaian keliangan yang 
dijalankan di tapak ini masing-masing membolehkan penilaian kualitatif dan 
kuantitatif secara penuh dilakukan.  Selain daripada takungan pengudaraan, keputusan 
fisiokimia mengesahkan bahawa beberapa indeks pencemaran yang diukur di kawasan 
hilir tapak kajian adalah tidak menepati kelulusan had pelepasan air larut lesap 
Malaysia. Anggaran keliangan bagi bahagian tanah tidak disampel menggunakan 
pendekatan geostatistik asas menyediakan platform untuk pengkuantitian air larut 
lesap di kawasan kajian yang berjumlah kira-kira 1.6 x 105 m3 kepulan bahan cemar 
telah dianggarkan. Dalam proses ini, ungkapan empirik telah dihasilkan antara kuantiti 
geofizik dan geoteknik yang menggambarkan ciri-ciri hilir tapak pelupusan. 
Persempadanan tapak tercemar dalam kajian ini menyokong keberkesanan 
pemantauan kepulan bahan cemar dan boleh membawa kepada kaedah peninjauan 
yang menjanjikan bagi pemulihan atau penambakan tapak pelupusan sisa pepejal. 
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GEOELECTRICAL TECHNIQUES FOR SUBSURFACE 
CHARACTERIZATION AND CONTAMINANT PLUME IMAGES AT 
LANDFILL SITES 
 
ABSTRACT 
 
 An interpretation template for the analysis of electrical resistivity and 
chargeability inverse models produced at two upgraded semi-aerobic landfill sites was 
developed. The inverse models generated from a 2D inversion program (RES2DINV) 
were used to set up grids of resistivity and chargeability imaging at the landfill sites. 
The study confirmed a low resistivity (<10 Ωm) depicting leachate plume while a high 
chargeability unit (>70 ms) represents waste deposits and saturated clayey layers. 
Furthermore, the IP responses of the disseminated leachate plume downstream of a 
separate landfill site were assessed. The appraisal also examines the contaminant status 
and classified the strata beneath municipal solid waste landfills. The outcome of the 
investigation showed that the ion-dominated plume displays a weak chargeability zone 
(<20 ms) and supports ionic polarization rather than electronic polarization in its IP 
responses. However, the high concentration of ions in the diffused leachate inhibits the 
membrane polarization, thus reducing the IP effects in host sediments. The outline of 
resistivity and chargeability profiles with average percentage error of about 15% at the 
characterization sites and assessment site shows differentiated zones of the subsurface 
strata. Comparison of the leachate columns at the characterization sites revealed that 
the closed landfill with a higher proportion of waste deposits contained a lesser 
accumulation of leachate than the active site. 3D resistivity and chargeability inverse 
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models were generated at the leachate assessment site using the RES3DINV inversion 
program. The horizontal slices from the 3D inverse models were utilized for the 
contaminant plume mapping and quantification. Additionally, physiochemical 
analysis and porosity evaluation conducted at this site enabled a full qualitative and 
quantitative assessment respectively. Despite the aeration ponding, the 
physiochemical results confirmed that some of the pollution indices measured at the 
downstream of the site were not within the Malaysian approved leachate discharge 
limits. The porosity estimation for the un-sampled soil sections using a basic 
geostatistical approach provided the platform for leachate quantification at the survey 
area where a total of about 1.6 x 105 m3 amount of contaminant plume was estimated. 
In this process, empirical expressions were derived between geophysical and 
geotechnical quantities portraying the characteristics of downstream of a landfill site. 
Delineation of the contaminated sites in this study supports the effectiveness of 
contaminant plume monitoring and could lead to a promising reconnaissance tool for 
remediation or reclamation of solid waste disposal sites. 
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CHAPTER 1 
 
INTRODUCTION 
 
 
1.1 Background  
 
 The current best practices for sustainable solid waste management introduced 
a hierarchy of integrated resource management options that has been accepted 
worldwide; (i) prevention, (ii) reduction, (iii) recycling, (iv) disposal (Donevska et al., 
2013). However, alternative waste management strategies such as incineration and 
composting have been developed to trim down the amount of waste for disposal. Waste 
minimization at the source is the cheapest and the most efficient waste management 
procedure. Minimization of the waste generation at the source and recycling are 
encouraged to improve the use of funds for disposal of solid waste. Though, even after 
application of a combination of these waste management methods, residuals are still 
left, which are usually deposited in a landfill. In landfilling, the waste decomposes 
under controlled conditions until its transformation into relatively inert and stabilized 
substance. This biodegradation involves the chemical and biochemical processes 
responsible for the decomposition of the waste materials (Kale et al., 2010) while the 
eventual result reduces the adverse environmental effects and other risks and 
inconveniences.  
Despite the placement at the bottom of the hierarchy of options for integrated 
waste management, landfilling is the most commonly used disposal method for 
municipal and industrial solid wastes worldwide (Morris and Barlaz, 2011). The 
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existing trend in solid waste management is the sanitary landfilling which is widely 
employed in the developed world. However, the developing countries are still 
primarily engaged in open dumping and unregulated landfills (Singh et al., 2011). The 
potential of risk from the uncontrolled landfills and dumpsites exists in these countries. 
The resultant leachate produced due to waste transformation and rainfall can be 
identified by specific characteristics and variables, corresponding to high-strength 
wastewaters, which generate impacts and risks in the environment (Şchiopu et al., 
2012).  
In sanitary landfills, monitoring wells are usually installed within and around 
active and closed sanitary landfills to gauge the extent of contamination of 
groundwater (Pearce et al., 2011). Furthermore, the accumulated plume undergoes 
either biological and/or chemical treatment before discharge into natural aquifers. The 
application of sampling approach in monitoring landfills is invasive and may not 
intercept the contaminant plumes. Non-invasive, cost-effective and fast surface 
geophysical surveys are complementary tools to the monitoring wells to avoid 
intrusion into hazardous materials (Joshi, 2013). The geophysical methods are capable 
of discerning the distribution of leachate in landfills and its environs and suggest 
appropriate locations for the monitoring wells. The combination of geophysical 
investigation with a physiochemical analysis of leachate/groundwater samples from 
the monitoring wells determines the state of stabilization of the landfills (Vaudelet et 
al., 2011).  
Among geophysical techniques, the electrical resistivity method is the most 
utilized in delineating solid waste disposal site. The electromagnetic method is 
oversensitive to metallic objects that are unfortunately very common at landfills, and 
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for this reason, the method is often discarded (Leroux et al., 2007). Magnetic methods 
distinguish waste boundaries because of its metallic content. On the other hand, the 
disseminated contaminant plume outside the landfill margins with minimal metallic 
substance would be poorly discerned using this approach. Several authors 
characterized landfill sites using electrical resistivity imaging (Rucker et al., 2010, 
Rucker et al., 2011, Li et al., 2012, Genelle et al., 2012, Abudeif, 2015, Sirieix et al., 
2015). Additionally, in the case of bioreactor landfills, where leachate is recirculated 
to aid waste decomposition, the resistivity technique is employed to monitor the 
distribution of moisture within the landfill (Clement et al., 2010, Hossain et al., 2011, 
Clement et al., 2011). 
The waste and leachate plume contain a high concentration of charges that 
lowers the resistivity of contaminated zones. However, methane gas at landfill sites 
generates high resistivity. These low and high resistivity values distinguish the areas 
from the surroundings and renders the resistivity approach an attractive tool for 
delineation of landfills. Electrical resistivity imaging is a relatively well-known 
method and has been used for some landfill applications (Rosquist et al., 2011).  
Though, in areas where the background is the moderate or low resistivity, typical 
landfill material may have similar resistivity to the background, and, therefore, 
indistinguishable from surroundings. Even in some higher resistivity settings, lower 
resistivity landfill material is easily confused with backfilled excavations, given the 
fact that many old landfills were quarry sites. Finding landfills near old, backfilled 
excavations is typical.  Moreover, both a landfill and a backfilled excavation will show 
a negligible resistivity contrast with the background, and are therefore easily confused. 
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As a result of this minimal contrast, resistivity surveys (and also conductivity) often 
do not have sufficient data sets for waste site delineation (Carlson et al., 2001).  
The incorporation of Induced Polarization (IP), which is a capacitive property 
of the subsurface, with electrical resistivity, assists in distinguishing between clay and 
sand bearing salt water both of which show low resistivity. Saline water that has high 
ionic conductivity depicts poor chargeability in contrast with clayey layers that 
generate strong IP response (Martinho and Almeida, 2006). Gazoty et al. (2012a) 
assert that ambiguities are produced in electrical resistivity surveys when the water 
table is within the waste layers. The dependence of the process on pore fluid introduces 
significant uncertainties in landfill mapping.  The integration of electrical resistivity 
and IP removes some of the uncertainties and ambiguities embedded in the separate 
utilization of the techniques.  
While the resistivity method responds to saturation, the IP is favoured towards 
the lithology and chargeable units associated with landfills (Legaz et al., 2010). 
Despite the challenges in instrumentation and data acquisition of IP surveys using 
conventional equipment, several case studies showed the desirability of combining the 
two methods to enhance characterization of landfills (Dahlin et al., 2010, Ustra et al., 
2012, Gazoty et al., 2012a). 
For a comprehensive appraisal of dumpsites, laboratory evaluation of the 
groundwater and soil samples, and the identification of geologic sections complements 
the geoelectrical results in the interpretation of the landfill's subsurface (Dahlin et al., 
2010).  Moreover, the physicochemical analyses determine the contrast in quality of 
plumes from the landfills to establish the degree of contamination.  Paradis et al.  
(2014) emphasized the need for representative data that captures the spatial 
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distribution of groundwater flow and contaminant transport for aquifer management 
or remediation. A complete characterization of landfills delineates the buried 
materials, the soil sections, and the spread and intensity of contaminant leachate, 
staging the landfill for remediation, mining, or land reclamation.  
1.2 Problem statements 
 
 In the application of electrical resistivity and IP techniques to delineate 
landfills’ subsurface, the data acquisition and interpretation of electrical resistivity 
inverse models at the dumpsites is more definite than the analysis of chargeability 
inverse models. The weak signals from IP make its data acquisition with conventional 
resistivity meters and steel electrodes susceptible to noise and thus unreliable. 
 Sediment resistivity depends on the ratio of the gas and water volume in the 
pores, as well as on the temperature, the salinity of the pore fluid and the overall 
porosity (Rosquist et al., 2011). Low resistivity values are typical of seawater, brackish 
water, leachate, clay, solid waste, and fresh water. These values are due to the high 
concentration of ions and other charge carriers, thus increasing the conductivity of the 
subsurface. Intermediate resistivity values are associated with wet sand, sandstone, and 
limestone formations while high resistivity corresponds to dry sand or granite bedrock 
(Guérin et al., 2004).  
 There exists a high degree of certainty in distinguishing clay from other 
unconsolidated sediments because of its strong IP response (Breede and Kemna, 2012, 
Gazoty et al., 2012b). The metallic content of solid waste generates high chargeability, 
which makes demarcation of the waste boundaries at landfill sites using IP surveys 
plausible (Ustra et al., 2012).  However, the chargeability status of the disseminated 
contaminant plume requires a comprehensive evaluation. The correct assessment of 
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the IP response produced by diffused leachate plumes is critical to the adequate 
characterization of contaminated sites. However, this topic is still under discussion. 
Some authors delineate dispersed waste free plumes as high chargeability zones (Abu-
Zeid et al., 2004, Martinho and Almeida, 2006, Ustra et al., 2012), whereas Gallas et 
al. (2011) postulated that disseminated plumes exhibit low chargeability in host 
sediments, despite the high ionic content. 
 Dahlin (2010) overlaid the resistivity and chargeability models, and this 
integration considered the mixture of leachate and waste as a region of high 
chargeability combined with low resistivity. The resistivity models demarcated the 
leachate zones while chargeability models delineated the waste areas. These results 
suggest that the leachate plume is either susceptible to a resistivity evaluation rather 
than an IP assessment or the contaminant plume areas indicated insignificant IP 
responses. Their findings, which were results of the pre-excavation survey at a landfill 
site in Johannesburg, South Africa, also confirmed that solid waste and 
uncontaminated saturated soil have similar resistivity responses, and, therefore, cannot 
be differentiated using resistivity models. Nevertheless, the chargeability evaluation 
indicated the waste had a high IP response, and the saturated soil (not clay) had weak 
IP signals. The diversity in resistivity and chargeability values of various subsurface 
sections at a landfill site requires a simplified template for the interpretation of these 
regions. 
 Additionally, with the sprawl of new settlement over landfill sites, there is a 
vital need to develop and improve upon the municipal solid waste disposal processes 
in the urban and rural suburbs. The unregulated landfills and dumpsites have to be 
upgraded to sanitary status to safeguard the environment from the ground and surface 
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water contamination. In an update of uncontrolled landfills to sanitary level, the 
appraisal for the quantity of leachate is essential for the design of leachate collection 
channels and treatment plants (Kortegast et al., 2007).  Precise evaluation of the extent 
of transportation of leachate establishing its flow direction and the estimate of its 
quantity are of paramount importance for a remediation. The appraisal on waste and 
leachate zones can serve as a component of hazard assessment, and this also assists in 
the placement of monitoring wells (Woldt et al., 1998). 
 In a bioreactor landfill set up, the sites operate on uniform moisture distribution 
in waste sections to aid the biodegradation (Barlaz et al., 2010). The customary 
methods of investigation of moisture content at these landfills are sampling through 
drilling, moisture sensors, and probe measurements (Imhoff et al., 2007). Apart from 
been invasive, weak contact is exhibited between the waste and the sensors.  The 
responses from these approaches are localized, and they do not give a general view of 
the landfill sites (Shihada, 2011). These disposal sites require both overall and 
sectional moisture evaluation to improve upon the landfill performance, which could 
be determined effectively with surface geoelectrical imaging. 
 The adopted methodologies for estimating the amount of leachate for improved 
landfill practice such as WBM (Water Balance Method) and HELP (Hydrologic 
Evaluation of Landfill Performance) are based on water balance evaluation (Donevska 
et al., 2010, Zoqi and Ghavidel, 2011, São Mateus et al., 2012, Aziz et al., 2012, 
Alslaibi et al., 2013, Nas and Nas, 2014). These models predict the amount of leachate 
migrating from one layer to another on a landfill site using several storage centres. 
However, these approaches do not provide universal solutions to the current 
difficulties encountered in developing countries. The models use parameters that are 
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difficult to obtain, such as field capacity and wilting point (Aina et al., 2012). 
Moreover, the water balance procedure is a function of the change in moisture content 
within the waste, and this variation in landfills depends on the precipitation, 
evaporation rates, and field capacity. 
The prediction models have limitations due to the uncertainties related to 
rainfall data and other required properties of landfill compositions (Kortegast et al., 
2007). With the anticipated changes in the climate, there is the growing need to 
develop hydrogeological models for predicting water flows at the landfill sites (Gazoty 
et al., 2012b). Alternative processes for estimating the spatial spread and in situ 
quantity of leachate are essential for an upgrade or remediation of unregulated landfills 
and dumpsites. Geophysical methods are equipped tools to delineate and estimate the 
magnitude of aquifers and subsurface contamination. Woldt et al. (1998) integrated 
electromagnetic method and a geostatistical tool to screen an unregulated landfill, 
mapping the contaminant leachate and obtaining an approximation of the spatial extent 
of the waste and leachate.  
1.3 Research objectives  
 This study integrated resistivity and IP methods at three landfill sites for 
subsurface characterization and contaminant plume mapping. The projected tasks are 
to:  
(i) assess the prospects of IP data acquisition using the standard resistivity meter 
and conventional steel electrodes. 
(ii) evaluate the chargeability status of the diffused contaminant plume with the 
aid of the geoelectrical and geochemical probes.  
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(iii) develop a simplified interpretation template for the integrated analysis of 2D 
resistivity and IP inverse models generated at the landfill sites. 
(iv) appraise the performance of the leachate ponding, establish the flow direction 
of the pollutants, and gauge the extent of percolation into aquifer receptors 
due to discharge from the aeration ponds and leakages from the landfill. 
(v) explore an alternative approach to water balance methods for estimating the 
quantity of leachate at the downstream of a landfill site using 3D geoelectrical 
imaging. 
1.4 Scope and limitations of the study 
 The three waste disposal sites selected for this study are within unconsolidated 
sediments. However, the procedure for the subsurface landfill classification and the 
leachate assessment could be implemented in a different geological setting. The site 
characterization demarcates the extent of waste deposits and contaminant plume while 
the identification of the quality of the waste that would determine the prospects of 
mining at a landfill site is not within the scope of the research. The subsurface 
characterization is limited to 2D resistivity/IP imaging profile while the leachate 
mapping and quantification displays a 3D estimation. The estimate of the leachate 
plumes in the study was conducted using a controlled discharge. However, the 
procedure of quantification can be applied to leachate plume in a regular preferential 
pathway. 
 The layout restriction at all the sites limits the depth of probes. The constraint 
is more pronounced in the landfills selected for delineation because some parts of the 
landfill have significant aquifer and waste depths. It is important to note that while the 
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subsurface characterization profiles show continuity in the interpretation of the 
sections, the profile intervals of 50 m could miss some traces of waste and leachate. 
1.5 Thesis outline 
 The thesis consists of five chapters, summarized as follows: 
 Chapter 1 presents an introduction to the thesis that includes the background 
of the study, problem statements, scope and limitations, and organization of the thesis.  
 Chapter 2 has the literature review on a general appraisal of geophysical 
surveys and previous studies on municipal solid waste landfill sites. The section also 
presents the fundamental principles of electrical resistivity and IP techniques, with 
discussions on instrumentation, data acquisition, and data inversion procedures. 
 Chapter 3 describes the location, climate, and geology of the sites chosen for 
this research. The procedures involved in data acquisition, data processing, and 
interpretation are discussed in this chapter. 
 Chapter 4 presents experimental results and the discussions of the results. The 
outcomes of activities described in Chapter 3 are analyzed here. Additionally, 
statistical analyses were conducted on geophysical and physiochemical data.  
 Chapter 5 summarizes the significant conclusions from the research, stating the 
contributions from this work, and providing recommendations for further 
investigations. 
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CHAPTER 2 
 
LITERATURE REVIEW 
 
2.1 Introduction 
 The objective of this research centred on the characterization of landfill sites 
and the contaminant plume imaging. Consequently, the discussions for the review 
focused mainly on the two geoelectrical techniques adopted for these investigations. 
However, while the resistivity methods have exhausted literature given several case 
histories available in landfill applications, the utilization of IP techniques remain 
modest at solid waste disposal sites. The section attempts to present the justification 
for the integration of the two methods and the need for further effort in exploring the 
potential of the IP approach while overcoming the fundamental challenges inherent in 
its data acquisition and interpretation.  
2.2 Review of geophysical techniques  
 Geophysical methods provide a complementary approach to the traditional 
drilling and sampling used in the earth sciences and engineering applications. These 
technologies, which are non-invasive and cost-effective, can explore large subsurface 
volumes by supplying continuous data. The geophysical application identifies targets 
for intrusive investigations and fills the gaps between several sampling points. The 
choice of exploration methods at a site is based on the physical property of the desired 
target. The target could be mapped where there is a local variation in a measured 
parameter about some background value. 
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 More often than not, two or more geophysical techniques are combined to 
improve the quality of interpretation. Supplementary approaches could resolve the 
ambiguity in the analysis of a method. While some methods are best suited for 
reconnaissance surveys, others may be robust to a detailed coverage. Kearey et al.   
(2002) present a clear classification of geophysical methods with the corresponding 
measured data and the operative physical property of the subsurface (Table 2.1). 
Additionally, Table 2.2 shows the main fields of geophysical methods indicating the 
most appropriate techniques for the various applications.  
 
     Table 2.1 Classification of geophysical methods [after Kearey et al.   (2002)]  
Method Measured Parameter Operative Physical 
Property 
Seismic Travel times of seismic waves Density and Elastic 
moduli 
Gravity Spatial variations in the strength of 
the gravitational field of the Earth 
Density 
Magnetic Spatial variations in the strength of 
the geomagnetic field 
Magnetic susceptibility 
and remanence 
Electrical 
resistivity 
Earth resistance Electrical conductivity 
 
Induced 
polarization 
Polarization voltages or frequency-
dependent ground resistance 
Electrical capacitance 
Self-potential Electric potentials Electrical conductivity 
Electromagnetic Response to electromagnetic 
radiation 
Electrical conductivity 
and inductance 
Radar Travel times of reflected radar 
pulses 
Dielectric constant 
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     Table 2.2 Applications of geophysical methods [after Kearey et al.   (2002)] 
 Application Appropriate techniques 
Exploration for fossil fuels S, G, M, (EM) 
Exploration for metallic minerals M, EM, E, SP, IP, R 
Exploration for bulk minerals (sand and 
gravel) 
S, (E), (G) 
Exploration for underground water E, S, (G). (GPR) 
Engineering site investigations  E, S, GPR, (G), (M) 
Archaeology investigations GPR, E, EM, (M), (S) 
 
* G, gravity; M, magnetic; E, electrical resistivity; SP, self-potential; IP, induced 
polarization; S, seismic; EM, electromagnetic; GPR, ground-penetrating radar; R, 
radiometric. Subsidiary methods are in brackets. 
 
 
 
 
2.3 Previous geophysical studies on landfills 
 In a reconnaissance survey for either restoration or remediation of landfill sites, 
geophysical methods could determine the edge and depth of the deposited solid waste. 
The critical environmental application involves a delineation of impacted groundwater 
and the contaminant pathway at solid waste dumpsites added to a continuous leak 
detection monitoring. Time domain and frequency domain electromagnetic (EM) 
methods are employed for delineating waste site boundaries and mapping shallow 
plume. Moreover, the results from this probe could be used to identify where to install 
monitoring wells.  
 The magnetic methods are valuable to locate and delineate buried metal debris 
such as drums and tanks. Gravity appraisal is a ready tool to map the boundaries of 
deposited waste given the density contrast between the landfill and host sediments or 
host rocks. Induced polarization, Self-potential (SP), electrical resistivity and Ground 
Penetrating Radar (GPR) are applied to map contaminant plumes and locate buried 
waste. Seismic methods could discern the geometry and depth of landfills. 
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 Although gravity method is rarely used at landfill sites, Silva et al. (2009) 
mapped buried landfill bottom topography with gravity data. The gravity inversion 
estimates the landfill's depth at discrete points with a decrease of the density contrast 
with depth. In situ monitoring of moisture circulation and variations in mechanical 
properties of municipal solid waste (MSW) is needed to optimize the safe and efficient 
operation of landfills. Carpenter et al. (2013) employed seismic surveys to apprehend 
the changes in shear modulus and Poisson’s ratio of solid waste to infer the extent of 
degradation and offer dynamic properties needed for seismic stability evaluation. To 
obtain the desired result, a series of seismic surveys were performed at a landfill site 
in the USA to image seismic velocity structure and the Poisson’s ratio of a recirculation 
cell and compared with an adjacent newer landfill cell in the absence of leachate 
recirculation. Seismic data were acquired using fan shot direct P-wave surveys and S-
wave surveys, conventional P-wave refraction, and the multichannel analysis of 
surface waves (MASW) technique.  
Prezzi et al. (2005) show the results of a ground magnetic survey carried out to 
study solid waste landfills. The total magnetic field was assessed along six profiles on 
a landfill site. The profiles were modelled in 2.5 D, and along with them, an estimate 
of depth to the sources was determined by Euler’s deconvolution procedure. The first 
and the second derivatives of the residual magnetic field were calculated, to sharpen 
the anomalies. The interpretation shows that the characteristics of the modelled bodies 
and the magnitudes of the detected anomalies do not confirm the presence of drums in 
the sanitary infill. 
 De Carlo et al. (2013) present geophysical results of a study observed on a 
dismissed landfill, near to the city of Corigliano d'Otranto, in the Apulia region 
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(Southern Italy). The landfill is located in an abandoned quarry; that was subsequently 
reutilized after thirty years as a site for solid waste disposal. The waste was about 20 
m thick, and the landfill bottom was expected to be lined with an HDPE (high-density 
polyethylene) material. During the digging operations to build a nearby new landfill, 
leachate was found, which triggers an in-depth investigation. The major goal was to 
verify whether the leachate is leaked through by the HDPE liner. Both surface 
electrical resistivity imaging, and mise-à-la-masse (MALM) surveys were conducted 
despite the challenges of the rugged terrain of the deserted quarry complex. A 
conductive body, probably associated with leachate, was found as deep as 40 m below 
the current landfill surface at a depth much greater than the expected 20 m thickness 
of waste. Because of the logistical difficulties that limit the geometry of acquisition, 
synthetic forward modelling was used to confirm or dismiss interpretational 
hypotheses emerging from the electrical resistivity and MALM results. This 
integration between measurements and modelling helped narrow the alternative 
interpretations and strengthened the confidence in results.  
 Quantifying thin-layer parameters accurately by supplying a targeted reflection 
waveform inversion process to ground-penetrating radar (GPR) reflection data may 
offer a useful tool for near-surface study and especially for contaminated site probe 
expecting the presence of nonaqueous phase liquid (NAPL) contaminants. Babcock 
and Bradford (2015) implemented a targeted reflection waveform inversion algorithm 
to quantify thin-layer permittivity, thickness, and conductivity for NAPL thin and 
ultra-thin layers using GPR reflection. The inversion used a nonlinear grid search with 
a Monte Carlo scheme to set the starting values to find the universal minimum. By 
taking a targeted procedure using a time window around the peak amplitude of the 
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reflection event of interest, the algorithm reduced the complexity in the inverse 
problem. The inversion was tested on four field data sets and three different synthetic 
data sets. In all testing, the inversion resolved for NAPL-layer properties within 15% 
of the measured values. The algorithm provides a tool for site managers to prioritize 
remediation efforts based on quantitative assessments of contaminant quantity and 
location using GPR. 
 A combination of two or more geophysical methods is adopted for a full 
characterization of a landfill site to minimize the interpretation ambiguity in surveys. 
The diverse makeup of dumpsite's subsurface desires cocktail of geophysical tools to 
map the in-situ multi-character constituents. Martínez and Mendoza (2011) deployed 
the use of electrical resistivity, EM, Magnetics, and seismic refraction technique at two 
landfill sites in Denmark. In the first case, electrical resistivity tomography was applied 
to assess the sealing condition in new cells within a landfill complex. The survey was 
to ensure that the in situ soil within 2-3 m has adequate and uniformly distributed clay 
content. At the other landfill, detailed preliminary studies were carried out using EM 
and Magnetic methods for mapping and locating three UXO (Unexploded Ordnance) 
devices. After the clearance of the devices, geotechnical drillings characterized the soil 
to suggest points for groundwater monitoring and to evaluate the limestone for seismic 
refraction correlation. The seismic appraisal provided information that recommends 
the maximum vertical digging depth for the planned expansion of the site for polluted 
soil. The variation in thickness of the clay till above the limestone presented 
possibilities of higher storage volumes if deep excavations were allowed in areas 
where the limestone surface was deeply buried. The depth of the excavation should be 
designed to prevent hydraulic uplift of the clay turnover during excavation and filling.  
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 Electrical resistivity, self-potential (SP), and very low frequency 
electromagnetic (VLF-EM) surveys were carried out at an open waste disposal site in 
Çanakkale, Turkey. The objective of the investigation is to detect and map the spread 
of groundwater contamination and locate possible pathway of leachate plumes (Kaya 
et al., 2007). The results of the study showed a low resistivity zone (< 5 Ωm) as the 
leachate plume, and this was confirmed with the VLF-EM and SP mappings. High 
negative values exhibited from VLF-EM and SP data determined the vertical contact 
between the contaminated and uncontaminated zones.  
 Dawson et al. (2002) combine geophysical and borehole techniques to 
investigate the hydrogeology controlling the transport of leachate from Winthrop 
Landfill, Maine, in the USA to the nearby Annabessacook Lake. A combination of 
borehole EM, 2D resistivity, seismic reflection, and magnetic surveys was conducted 
to gauge the preferential flow of the contaminant plume. The study identified shoreline 
seep signatures, hidden seeps in the lake, and depth to the bedrock within the lake. The 
interpretation of the data delineates an electrical conductive anomaly consistent with 
the contaminant plume moving from the landfill boundary southward through the 
overburden to the shores of the lake. The results of the study also indicated the discrete, 
shallow, and conductive anomalies at the south-eastern edge of the landfill and near to 
the lakeshore. The magnetic data confirmed the presence of iron-rich plume 
discharging into the lake. The seismic survey mapped the sediment and its grain size 
distribution, where the sediment-infilled bedrock may act as a conduit for contaminant 
migration. 
 A joint application of electrical resistivity tomography, VLF-EM, EM 
conductivity, seismic refraction, ambient noise seismic, and chemical analysis was 
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employed for the characterization and management of a landfill site in Crete Island, 
Greece (Soupios et al., 2007). Both electrical resistivity imaging and EM ground 
conductivity techniques were conducted to determine the spatial distribution of 
leachate plume. Also, the resistivity profile identified the depth and thickness of the 
buried waste and the variation of moisture content to ensure decomposition of organic 
waste.  The seismic ambient noise analysis established the slope site performance and 
emphasizing that the permanent deformation of the study area be due to the earthquake 
loading. However, the VLF-EM results were without required precision because of the 
steep topography, difficulty in finding appropriate VLF transmitters and high 
interference from surface metallic surface objects. In contrary, the seismic refraction 
data correlated with the geoelectrical profile, and it was used as the confirmation 
probe. 
 Table 2.3 presents a summary of applications of the individual geophysical 
method in landfill investigation. It is pertinent to note that while additional tools reduce 
the ambiguity in the interpretation of the desired targets, the cost of surveys should be 
a factor of interest to the geophysicist. A compromise between the number of 
techniques, logistics, and cost should be the basis for the choice of appropriate 
geophysical tools for an investigation. Reynolds (1991) presents a flow chart to 
illustrate decision-making process leading to the selection of geophysical methods and 
utility software for a prospective survey (Fig. 2.1). 
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    Table 2.3 Summary of application of geophysical surveys at landfill sites 
Geophysical Technique Potential application to landfill investigation 
EM Edge of waste delineation  
Shallow plume mapping      
Distinguish wet and dry areas 
Delineate metallic drums                                                                                   
SP Map contaminant plume 
Locate buried waste 
Identify contaminant plume leakages 
IP Map contaminant plume 
Locate buried waste and delineate its boundaries 
Differentiate waste mass from background 
geology 
Resistivity Map contaminant plume          
Locate buried waste      
Characterize composition of landfill material 
Examine integrity of cap and liner material 
Magnetic Delineate metallic debris 
Gravity Delineate waste boundaries 
Determine landfill depth 
GPR Map contaminant plume 
Locate buried waste 
Seismic Delineate waste boundaries  
Determine landfill depth 
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Figure 2.1 Decision-making process leading to the selection of geophysical methods 
and utility software for an investigation [adapted from (Reynolds, 1991)] 
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2.4 Joint resistivity/Induced Polarization (IP) surveys at landfill sites 
 IP survey has advantages over the EM and Magnetic methods that are 
traditional methods for characterization of waste disposal areas. IP and electrical 
resistivity data can provide more vertical information than that of EM and unlike 
magnetics, the IP methods can delineate non-metallic waste. Vertical data is vital as it 
is a recognized factor in determining the cost of remediation to estimate the quantity 
of waste. Also, this vertical column is usually in the plan for future use of the landfill 
site (Carlson et al., 2001).  
IP survey is widely used in exploration for ore bodies, mainly for disseminated 
sulphides.  The IP effect due to sulphide mineralization (the electrode polarization 
effect with about 100 to 200 mV/V range) is much higher than that due to clay minerals 
(membrane polarization) in siltstones and sandstone. The chargeability of clays is 
within the 10 to 50 mV/V range that is much smaller than that due to conductive 
minerals (Šumi, 1965). However, negative IP effects have been reported for certain 
types of clays (Brandes and Acworth, 2003). Another application of IP in 
environmental surveys is the detection of decomposing organic matter (Weller et al., 
2000). 
The high IP effect of disseminated metallic sulphides makes IP surveys an 
attractive tool for exploration of such minerals. The contrast in resistivity for such 
deposits is frequently low due to its disseminated nature that makes detection by 
normal resistivity, and EM surveys difficult (Loke, 2015). The use of IP in 
geotechnical and engineering applications has been limited while been used principally 
for groundwater exploration. However, in recent years, there has been an increasing 
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amount of literature on the integration of resistivity and IP techniques for 
characterization and contaminant plume mapping at landfill sites. 
As stated earlier in Chapter 1, IP techniques complement electrical resistivity 
methods in the characterization of the landfill's subsurface. The application of IP 
procedure works in situations where ground-truth data are not available for calibration 
in the field. The process detects ''where the waste is'', and the use of both the IP and 
resistivity could estimate ''what the waste is'' (Carlson et al., 2001). Martinho and 
Almeida (2006) integrated electrical resistivity and IP measurements to define a valid 
spatial contamination model in the vicinity of two municipal landfills in Portugal. In 
both landfills, negative IP values were detected associating with the positive IP values; 
this could be explained by the 2D and 3D geometric effects generated by the presence 
of the contaminant plumes.  
 The combination of IP and electrical resistivity surveys was also used to map 
waste deposits and demarcate important geological units. These geological units 
appear to control the hydrology of a decommissioned landfill site in Hørløkke, 
Denmark (Gazoty et al., 2012b). The results display a silt/clay lens at a depth that 
correlates the contaminant plume flow direction as it spreads out from the landfill. The 
outcome also reflects a shallow sandy layer rich in clay that has an effective influence 
on the hydrology of the site. Several other workers combined resistivity and IP surveys 
in mapping contaminant plume and delineation of waste disposal sites (Rosqvist et al., 
2003, Johansson et al., 2007, Leroux et al., 2007, Mondal et al., 2010, Ustra et al., 
2012). 
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2.5 Landfills in Malaysia 
By 2012, there were 296 municipal solid waste disposal sites in Malaysia under 
the management of local authorities (Table 2.4). Most of these places are open, 
unregulated dumpsites, and the capacity has been overloaded. Figure 2.2 shows an 
active and closed open dump sites in Kuala Terengganu, Terengganu and Parit Buntar, 
Perak respectively. Fauziah and Agamuthu (2012) classified landfills in Malaysia 
based on available facilities (Table 2.5) and listed 12 to be of sanitary status (Table 
2.6). One of the sanitary landfills is in Bukit Tagar, in the state of Selangor. The landfill 
has a containment facility and leachate recirculation system. The procedures include 
SBR (Sequencing Batch Reactors) at aeration points and subsequent use of Reed beds.  
Furthermore, a green high-density polyethylene liner is placed on soil covering the 
waste to optimize methane gas extraction for a power generating plant (Fig 2.3).  
 
Table 2.4 Existing landfills sites in Malaysia [after JPSPN, Malaysia (2012)] 
State Operating landfills Closed landfills Total in state 
Johor 14 23 37 
Kedah 8 7 15 
Kelantan 13 6 19 
Melaka 2 5 7 
Negeri Sembilan 7 11 18 
Pahang 16 16 32 
Perak  17 12 29 
Perlis 1 1 2 
Pulau Pinang 2 1 3 
Sabah 19  2 21 
Sarawak 49 14 63 
Selangor 8 14 22 
Terengganu 8 12 20 
WP Kuala Lumpur 0 7 7 
WP Lubuan 1 0 1 
Total 165 131 296 
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Figure 2.2 Open dumpsites in Malaysia (a) Active site in Kuala Terengganu (b) 
Closed site at Parit Buntar, Perak 
 
 
